The sensitivity of the stellar moment of inertia to the neutron-star matter equation of state is examined using accurately-calibrated relativistic mean-field models. We probe this sensitivity by tuning both the density dependence of the symmetry energy and the high density component of the equation of state, properties that are at present poorly constrained by existing laboratory data. Particularly attractive is the study of the fraction of the moment of inertia contained in the solid crust. Analytic treatments of the crustal moment of inertia reveal a high sensitivity to the transition pressure at the core-crust interface. This may suggest the existence of a strong correlation between the density dependence of the symmetry energy and the crustal moment of inertia. However, no correlation was found. We conclude that constraining the density dependence of the symmetry energy-through, for example, the measurement of the neutron skin thickness in 208 Pb-will place no significant bound on either the transition pressure or the crustal moment of inertia.
I. INTRODUCTION
Since their discovery more than 40 years ago, neutron stars have been a fruitful testing ground for both general relativity and theories of dense matter. Being extremely compact (with typical compactness parameters of R s /R ≡ 2GM/c 2 R ∼ 0.4) and extremely dense (with densities exceeding several times nuclear matter saturation density) neutron stars are unique laboratories for the study of exotic phenomena that lie well outside the realm of terrestrial laboratories. Moreover, neutron stars provide a natural meeting place for nuclear physics and astrophysics. And with the advent and commissioning of powerful facilities dedicated to the production of rare isotopes, new telescopes operating at a variety of wavelengths, and more sensitive gravitational wave detectors, the partnership between nuclear physics and astrophysics will only continue to grow.
In the present contribution we study the sensitivity of the stellar moment of inertia to the underlying equation of state. Although the formalism is general-at least within the slow-rotation approximation-we focus on the recently discovered binary pulsar PSR J0737-3039 [1, 2] . Located ten times closer than the celebrated Hulse-Taylor binary system [3] and with the shortest orbital period of its kind (almost three times smaller than the HulseTaylor binary), PSR J0737-3039 is the first ever discovered double pulsar. This discovery has resulted in some of the most precise tests of Einstein's general theory of relativity to date. Moreover, it has also enabled the accurate determination of several pulsar properties, such as the orbital period of the binary, both pulsar masses, and both spin periods. However, their individual radii, moments of inertia, gravitational redshifts, or any other property that would allow a simultaneous mass-radius determination-and therefore place important constraints on the equation of state-are still unavailable. Yet the prospects for measuring the moment of inertia of the fastest spinning pulsar in the binary (PSR J0737-3039A) have never been better. Doing so with even a 10% accuracy may provide stringent constraints on the nuclear equations of state [4] [5] [6] [7] . Note, however, that the proposed 10% accuracy has been recently put into question [8] . Yet we trust that the various observational challenges will be met successfully in the near future. With such a view in mind, we focus on a particular feature of the equation of state (EOS) that has a strong impact on the moment of inertia: the nuclear symmetry energy.
The nuclear symmetry energy represents the increase in the energy of the system as protons are converted into neutrons (or neutrons into protons). Whereas ground-state masses constrain the symmetry energy near saturation density, they leave its density dependence (slope, curvature, etc.) largely undetermined. This is important as the slope of the symmetry energy at saturation density determines the pressure of pure neutron matter (PNM). And it is precisely the pressure of PNM that provides the necessary stellar support against gravitational collapse. Thus, the larger the pressure of PNM the larger the radius of the neutron star. Note that it is also the pressure of PNM that accounts for the size of the neutron skin thickness in medium to heavy nuclei. As a result, a strong correlation was uncover between the neutron skin thickness of 208 Pb and the neutron radius of a neutron star [9] . Given that the moment of inertia scales as the square of the stellar radius, the aim of this work is to study the expected correlation between the neutron skin thickness of 208 Pb and the stellar moment of inertia. We should mention that at the time of this writing the experimental effort to measure the neutron radius of 208 Pb at the Jefferson Laboratory was well on its way. The Parity Radius Experiment ("PREx") at the Jefferson Laboratory aims to measure the neutron radius of 208 Pb accurately and model independently via parity-violating electron scattering [10, 11] . PREx should provide a unique experimental constraint on the neutron skin thickness of a heavy nucleus and correspondingly on the pressure of pure neutron matter. We should also mention that considerable progress has been achieved in the theoretical front. By building on the universal behavior of dilute Fermi gases with an infinite scattering length, significant theoretical progress has been made in constraining the equation of state of pure neutron matter [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
While the overall moment of inertia of the neutron star is of great interest, the fraction of the moment of inertia contained in the stellar crust may be as useful in constraining the equation of state [22, 23] . Indeed, by studying the sudden and fairly regular spin jumps ("pulsar glitches") in the Vela pulsar, it was determined that at least 1.4% of the total moment of inertia of the star must reside in the solid crust [22] . Pulsar glitches are believed to be the result of angular momentum transfer between the star's solid crust and a more rapidly rotating superfluid component residing in the stellar interior. As the crustal moment of inertia is sensitive to the transition pressure at the core-crust interface [22] , the above ( 1.4%) limit may place a significant constraint on the EOS of dilute, neutron-rich matter. In this way, the crustal moment of inertia may provide an attractive astrophysical complement to PREx and to the dynamics of dilute Fermi gases in constraining the density dependence of the symmetry energy.
The paper has been organized as follows. We start Sec. II by providing the background material necessary to compute the moment of inertia of a neutron star in the slow-rotation approximation [24, 25] . Later on in the section we introduce the various accurately-calibrated relativistic mean-field models that will be used to compute the equation of state of the stellar material [26] [27] [28] [29] . We note that whereas all the models reproduce various experimentally measured properties of finite nuclei, they differ significantly in their predictions for the equation of state at both low and high densities. In Sec. III we present results for various neutron-star properties and explore their possible correlation to the neutron skin thickness of 208 Pb. Finally, Sec. IV contains our concluding remarks.
II. FORMALISM
In this section we develop the formalism required to compute the stellar moment of inertia. The section consists of two main components: (a) the equations of stellar structure and (b) the neutron-star matter equation of state.
A. Equations of stellar structure
The cornerstone of our approach is the slow-rotation approximation pioneered by Hartle and Thorne [24, 25] . We assume that the neutron star is rotating uniformly with a stellar frequency Ω that is far smaller than the Kepler frequency at the equator. That is,
The formalism-even in the slow-rotation approximation-is subtle, primarily due to the dragging of local inertial frames. The expression for the moment of inertia of an axisymmetric star in hydrostatic equilibrium is derived in great detail in Refs. [30, 31] , so we only summarize here some of the most important results. For a more pedagogical discussion one may consult the text by Glendenning [32] .
In the slow-rotation (first order in the angular velocity) approximation the moment of inertia of a uniformly rotating, axially symmetric neutron star is given by the following expression:
where J is the angular momentum, ν(r) andω(r) are radially-dependent metric functions (see below) and M (r), E(r), and P (r) are the stellar mass, energy density, and pressure profiles, respectively. Perhaps the greatest advantage of the slow-rotation approximation is that all the quantities appearing in Eq. (2) may be assumed to remain spherically symmetric. This implies that all stellar profiles may be determined from the Tolman-Oppenheimer-
Given boundary conditions in terms of a central pressure P (0) = P c and M (0) = 0, the TOV equations may be solved once an equation of state (P = P (E)) is supplied. In particular, the stellar radius R and mass M are determined from the following two conditions: P (R) = 0 and M = M (R). Once mass and pressure profiles have been obtained, the full space-time metric may be determined. We note that in the slow-rotation approximation the invariant interval for the background metric of a stationary, axially symmetric star may be written as [24, 33] :
As alluded earlier, in the slow-rotation approximation the spherically symmetric metric functions ν(r) and λ(r) remain unchanged from their values obtained in the limit of a nonrotating, static, and spherically symmetric neutron star. In particular, λ(r) is simply related to the mass profile M (r) by
Further, ν(r) can be determined from solving a first-order differential equation or, equivalently, from evaluating the following integral:
Finally, one must determine the metric function ω(r)-the one new ingredient that emerges from the slow rotation and which has no counterpart in Newtonian gravity. The frequency ω(r) appears as a consequence of the dragging of local inertial frames by the rotating star; the so-called Lense-Thirring effect. The effective (or relative) frequencyω(r) ≡ Ω − ω(r) appearing in Eq. (2) represents the angular velocity of the fluid as measured in a local inertial reference frame. In particular, the dimensionless relative frequency ω(r) ≡ω(r)/Ω satisfies the following second-order differential equation:
where
Note that ω(r) is subject to the following two boundary conditions:
Also note that in the slow-rotation approximation the moment of inertia does not depend on the stellar frequency Ω. In practice, one chooses an arbitrary value for the central frequency ω c = ω(0) and numerically integrates Eq. (7) up to the edge of the star. In general, the boundary condition at the surface [Eq. (9b)] will not be satisfied for an arbitrary choice of ω c , so one must rescale the function and its derivative by an appropriate constant to correct for the mismatch. The procedure described above provides all the necessary steps to compute the integrand in Eq. (2) . The moment of inertia is then obtained by performing the one remaining integral using standard numerical techniques. Having solved for both ω(r) and I, one could check the consistency of the formalism by ensuring that the following equation is satisfied:
B. The crustal moment of inertia
It has been suggested that pulsar glitches, namely, the sudden increase in the spin rate of pulsars, may place important constraints on the equation of state [22, 34] . In particular, an analysis based on a long time observation of glitches of the Vela pulsar suggests that at least 1.4% of the total moment of inertia must reside in the non-uniform crust [22, 34] . This is interesting as the crustal moment of inertia is particularly sensitive to the transition pressure at the core-crust interface and this observable is believed to be correlated to the densitydependence of the symmetry energy [35] [36] [37] [38] . Thus, it is both interesting and enlightening to obtain analytic expressions for the crustal moment of inertia.
The crustal moment of inertia is defined in terms of the general expression provided in Eq. (2) but with the range of the integral now limited from the transition (or core) radius R t to the stellar radius R. That is,
However, given that the crust is thin and the density within it is low, several approximation have been proposed that help render the integral tractable [22, 23, 34, 39, 40] . The various approximations and details on how to evaluate the integral are left to the appendix. In particular, we show that under those approximations the TOV equation may be solved exactly. Here, however, we simply quote our final result:
where R s = 2GM is the Schwarzschild radius of the star, and P t = P (R t ) and E t = E(R t ) are the pressure and energy density at the core-crust interface. The ellipsis in the above equation indicates that the derivation was carried out to first order in the small quantity P t /E t 0.01. A few comments are in order. First, the above expression for the crustal moment of inertia is extremely accurate (of the order of a few percent; see Tables IV and V) . Second, the two terms in brackets in Eq. (12) provide each a moderate ∼10% correction to the leading term, with the corrections being of opposite sign. Third, although the crustal moment of inertia still depends on the total moment of inertia I, one may preserve the accuracy of our result without having to rely on a highly accurate estimate of I. In particular, by using the simple relationship proposed in Ref. [40] , namely,
one obtains
This expression remains extremely accurate, yet has the added appeal that for a neutron star with a given mass M (or R s ) and radius R, the crustal moment of inertia depends exclusively on R t , P t , and E t -all quantities that are expected to be sensitive to the density dependence of the symmetry energy. Note that the approximation for the total moment of inertia given in Eq. (13) has been put into question in Ref. [34] . However, for our purposes such an approximation is adequate as I enters into the expression for the crustal moment of inertia as a small correction. No such approximation will be made for I when reporting the fractional moment of inertia I cr /I. Indeed, no approximation for I will be made at all. For completeness, we include an expression for the crustal mass that was derived in the appendix following similar steps. We obtain,
C. Neutron-star matter equation of state
As alluded earlier, the structure of neutron stars is sensitive to the equation of state of cold, fully catalyzed, neutron-rich matter. Spanning many orders of magnitude in density, neutron stars display rich and exotic phases that await a detailed theoretical understanding. For example, at densities that are about one third of nuclear matter saturation density and below, the uniform ground state becomes unstable against clustering correlations. This nonuniform region constitutes the stellar crust, which itself is divided into an inner and an outer region. In the outer crust the system is organized into a Coulomb lattice of neutron-rich nuclei embedded in a degenerate electron gas [41, 42] . For this region we employ the equation of state of Baym, Pethick, and Sutherland [41] . With increasing density the nuclei become progressively more neutron rich until the neutron drip region is reached; this region defines the boundary between the outer and the inner crust. It has been speculated that the bottom layers of the inner crust consist of complex and exotic structures that are collectively known as nuclear pasta [39, 43, 44] . Whereas significant progress has been made in simulating this exotic region [45] [46] [47] , a detailed equation of state is still missing. Hence, we resort to a fairly accurate polytropic EOS to interpolate between the outer solid crust and the uniform liquid interior [22, 48] . For the uniform liquid core-with densities as low as one-third and as high as ten times nuclear-matter saturation density-we generate the equation of state using various refinements to the relativistic mean-field model of Serot and Walecka [49] [50] [51] . For consistency, the same models are used to compute the transition density from the liquid core to the solid crust. This we do by searching for the critical density at which the uniform system becomes unstable to small amplitude density oscillations. The stability analysis of the uniform ground state is based on a relativistic random-phase-approximation (RPA) as detailed in Ref. [48] .
The equation of state for the uniform liquid core is based on an interacting Lagrangian that has been accurately calibrated to a variety of ground-state properties of both finite nuclei and infinite nuclear matter. The model includes a nucleon field (ψ), two isoscalar mesons (a scalar φ and a vector V µ ), and one isovector meson (b µ ) [50, 51] (the photon field plays no role in the present discussion of infinite nuclear matter at the mean-field level). The free Lagrangian density for this model is given by
where F µν and b µν are the isoscalar and isovector field tensors, respectively. That is,
Further, the parameters M , m s , m v , and m ρ represent the nucleon and meson masses and may be treated (if wished) as empirical constants. The interacting Lagrangian density is given by the following expression [26, 50, 51] :
The model includes Yukawa couplings (g s , g v , and g ρ ) between the nucleon and the three meson fields. However, to improve the phenomenological standing of the model-for example, to soften the compressibility of symmetric nuclear matter-the Lagrangian density must be supplemented by nonlinear meson interactions. These are given by
Details on the calibration procedure may be found in Refs. [50] [51] [52] [53] and references therein. Note that additional local terms of the same order in a power-counting scheme could have been included. However, their phenomenological impact has been shown to be small [26] , so they have not been included in the calibration procedure. Of particular interest and of critical important to the present study is the isoscalar-isovector coupling term Λ v [52, 53] . Such a term has been added to the Lagrangian density to modify the poorly known density dependence of the symmetry energy-a property that is predicted to be stiff (i.e., to increase rapidly with density) in most relativistic mean-field models. The addition of Λ v provides a simple-yet efficient and reliable-method of tuning the density dependence of the symmetry energy without sacrificing the success of the model in reproducing experimentally constrained ground-state observables. Because of the sensitivity of the stellar radius to the density dependence of the symmetry energy [9] , we expect a strong correlation between Λ v and the stellar moment of inertia. Whereas the full complexity of the quantum system can not be tackled, the ground-state properties of the system may be computed in a mean-field (MF) approximation. In the MF approximation all the meson fields are replaced by their classical expectation values and their solution can be readily obtained by solving the classical Euler-Lagrange equations of motion. The sole remnant of quantum behavior is in the treatment of the nucleon field which emerges from a solution to the Dirac equation in the presence of appropriate scalar and vector potentials [50, 51] . Following standard mean-field practices, the energy density of the system is given by the following expression:
is the isoscalar (isovector) baryon density, and U (φ 0 , V 0 , b 0 ) is given by the following expression:
The expression for the energy density may be "simplified" by using the classical equations of motion for the vector fields to express the isoscalar and isovector densities ρ B and ρ 3 in terms of V 0 and b 0 . One obtains,
Finally, as the MF approximation is thermodynamically consistent, the pressure of the system (at zero temperature) may be obtained either from the energy-momentum tensor or from the energy density and its first derivative with respect to the density [50, 51] . That is, Given that neutron-star matter is fully catalyzed, chemical equilibrium must be imposed. Namely, the composition of the star is determined from the equality of the chemical potential of the various species. That is,
Note that electrons and muons are assumed to behave as relativistic free Fermi gases (with m e ≡ 0). Of course, muons appear in the system only after the electronic Fermi momentum becomes equal to the muon rest mass. The total energy density and pressure of the star are simply obtained by adding up the nucleonic and leptonic contributions.
III. RESULTS
To study the sensitivity of the stellar moment of inertia to the equation of state we will use relativistic mean-field models that have been accurately calibrated to the properties of infinite-nuclear matter (MS) [26] , to the ground-state properties of finite nuclei (NL3) [27, 28] , or to both (FSUGold) [29] . Parameter sets for these three models are listed in Table I .
The predicted equations of state-pressure vs energy density-for the three models are displayed in Fig. 1 . Given that the equation of state for the solid crust is identical in all three models, we only present the contribution from the uniform liquid core. The lowest energy density and pressure depicted in the figure-which are different in all three modelssignal the transition from the uniform liquid core to the non-uniform solid crust. Note that the uniform core is assumed to consist of nucleons and leptons (electrons and muons) in chemical equilibrium; no exotic degrees of freedom are considered.
The resulting equations of state show a significant model dependence. As the models have been accurately calibrated, this is a clear indication that the existing database of nuclear observables is insensitive to both the low-and high-density behavior of the EOS (the energy density at saturation is about 140 MeV/fm 3 ). In this contribution we are particularly interested in the sensitivity of the stellar moment of inertia to the two empirical parameters ζ and Λ v -with the former controlling the high-density behavior of the EOS and the latter the density dependence of the symmetry energy.
The NL3 parameter set [27, 28] provides an excellent description of the ground-state properties of finite nuclei (such as masses and charge radii) without invoking either ζ or Λ v (see Table I ). As a consequence of having set ζ = Λ v ≡ 0, NL3 generates a fairly stiff equation of state. At sub-saturation density, this behavior is reflected in the relatively small value of the energy density at the core-crust interface. At the high-density extreme, NL3 approaches the stiffest possible equation of state that is consistent with causality (i.e., P = E). As we shall see below, such a stiff EOS generates neutron stars that are both massive and large (see Fig. 2 and Table II) .
As far as the MS equation of state is concerned, Müller and Serot were able to build models with a wide range of values for ζ that while reproducing the same observed properties at normal nuclear densities, they produce maximum neutron star masses that differ by almost one solar mass [26] . By selecting a value of ζ = 0.06, the MS model adopted here predicts a softer EOS and consequently a limiting neutron-star mass that is significantly smaller than NL3. Such a softening at high density is clearly evident in Fig. 1 . Note that the ζ = 0.06 choice appears consistent with the dense-matter equation of state extracted from an analysis of energetic heavy-ion collisions [54, 55] . However, extracting the zero-temperature EOS from energetic heavy-ion collisions may be model dependent. Thus, observational data on neutron-star masses may provide the cleanest constraint on the high-density component of the equation of state. Note, however, that since Λ v remains equal to zero in this model, the energy density and pressure at the core-crust interface remain largely unchanged from their NL3 values (see Table II ).
The FSUGold parameter set is characterized by having both ζ and Λ v different from zero [29] . By adding Λ v to the model one can soften the EOS-particularly the symmetry energy-at low to intermediate densities. This produces a shift of the core-crust transition energy density and pressure to higher values relative to both NL3 and MS. Moreover, such a softening generates neutron stars of relative small radii (see Fig. 2 and Table II) . We note that the softening of the symmetry energy is required to describe the isoscalar monopole and isovector dipole modes in medium to heavy nuclei [56] . Further, this softening appears consistent with microscopic descriptions of the equation of state of low-density neutron matter (see Ref. [20] and references therein). On the other hand, the value of ζ = 0.06 adopted here is solely constrained by the dynamics of heavy ions. Yet, the reported errors are large enough to accommodate slightly stiffer equations of state (although not as stiff as NL3) [54, 55] .
Having generated an equation of state, one can now proceed to solve the TOV equations [see Eqs. (3)]. Once a value for the central energy density E c (or pressure P c ) is specified, solutions to the TOV equations are obtained in the form of mass M (r), pressure P (r), and energy density E(r) profiles. From these, the stellar radius R is extracted from the pressure profile as the point at which the pressure vanishes, namely, P (R) = 0. Similarly, the total stellar mass is obtained from the mass profile as M = M (R). Note that for a given value of the central energy density E c , a unique point in the M -R diagram is generated. In Fig. 2 we display neutron-star masses as a function of the central energy density (left panel) and the stellar radius (right panel). The imprint of the underlying equation of state is clearly evident on these curves. For example, the stiff behavior of the NL3 equation of state is reflected on its very large limiting mass (of close to 3 solar masses). Also evident is the significant reduction in the maximum stellar mass as one softens the EOS by shifting the value of ζ from 0 to 0.06. Finally, we observe a significant variation in the value of the central energy density required to produce a "canonical" 1.4 M neutron star. The NL3 equation of state is so stiff (i.e., the pressure gradient is so large) that a central energy density of only twice its value at saturation is sufficient to support the star against gravitational collapse. In contrast, the softer FSUGold equation of state requires a central energy density that is twice as large as NL3 or about 4 times its value at saturation.
Whereas ζ controls the maximum stellar mass, Λ v controls the stellar radius. This is illustrated on the right-hand panel of Fig. 2 . Although the MS and FSUGold equations of state display similar behavior at high density (see Fig. 1 ) the former generates stellar radii that are significantly larger than the latter. For example, for a 1.4 M neutron star the difference exceeds one kilometer. Note that the stellar radius-although primarily sensitive to the EOS at intermediate densities-is also sensitive to the high-density component of the EOS. Hence, although both NL3 and MS have Λ v = 0, MS (with ζ = 0) produces more compact stars.
Having established the critical role of the two empirical parameters ζ and Λ v on the mass-vs-radius relationship of neutron stars, we now return to the central goal of the present manuscript: to assess the sensitivity of the stellar moment of inertia-both total and crustal-to the equation of state. To properly address this topic we must build models that, while accurately calibrated, can generate a wide range of values for poorly constrained nuclear observables. To do so, we modify the density dependence of the symmetry energy by resorting to a simple-yet highly robust-procedure first introduced in Ref. [52] . The procedure consists on modifying the isovector mean-field interaction by simultaneously changing Λ v and g ρ (the N N ρ coupling constant) in such a way that the value of the symmetry energy remains fixed at a specific value of the baryon density. Given that nuclei have a low-density surface, the symmetry energy is best constrained not at nuclear matter saturation density, but at a slightly lower value [57] . In this contribution-as in Ref.
[52]-we fixed the symmetry energy at ≈ 26 MeV at a density of ≈ 0.1 fm −3 . This ensures that well constrained observables (such as masses and charge radii) remain consistent with their experimental values. Moreover, as this procedure involves the tuning of only the isovector interaction, all properties of symmetric nuclear matter remain intact. Yet poorly constrained observablessuch as the neutron skin thickness of heavy nuclei and neutron-star radii-can be made to vary over a wide range of values [9, 52] . In Table III we display the appropriate isovector parameters for the NL3 and FSUGold "families" of mean-field interactions. Particularly sensitive to this change is the slope of the symmetry energy L at saturation density. The table illustrates the impact of L on the neutron skin thickness of 208 Pb and on the transition density, energy density, and pressure at the core-crust interface. Note that there is no need to generate an MS family given that it shares the same value of ζ with FSUGold.
In Fig. 3 we display the radius and moment of inertia of a M = 1.337 M neutron star (such as J0737-3039 A) as a function of the neutron skin thickness in 208 Pb. Although many other observables (such as L) may be used to characterize the density dependence of the symmetry energy, we have selected the neutron-skin of 208 Pb because it represents a fundamental nuclear observable that will soon be directly determined from laboratory data. The left-hand panel in the figure is reminiscent of the linear correlation between the neutron skin in 208 Pb and the stellar radius uncovered in Ref. [9] . Given that neutron stars and the neutron skin of heavy nuclei are both made of neutron-rich material, the emergence of such a correlation should not come as a surprise. However, knowledge of the neutron skin is not sufficient to determine the stellar radius. Whereas the neutron skin of heavy nuclei is sensitive to the EOS around saturation density, the stellar radius is also sensitive to its high-density component. Hence, to eliminate the model dependence one must rely on observational data rather than on laboratory experiments. The right-hand panel in Fig. 3 displays the corresponding moment of inertia. There is a significant drop in the moment of inertia as the neutron skin departs from its largest value (at Λ v = 0) but then the sensitivity weakens. The same kind of behavior is displayed when I is plotted as a function of the stellar radius (not shown). As in the case of the stellar radius, the total moment of inertia is sensitive to the high-density component of the EOS, so a strong model dependence remains. Note that since both MS and the stiffest member of the FSUGold family have Λ v = 0 and ζ = 0.06, their predictions are very close to each other.
Given the sensitivity of the moment of inertia to the high density component of the EOS, we now shift our attention to its crustal component. Our expectation-based on its high sensitivity to the transition pressure [see Eq. (14)]-is that a strong correlation will emerge between the crustal moment of inertia (I cr ) and the neutron skin thickness of 208 Pb. To our surprise, no such correlation exists. We attempt to elucidate this finding in what follows.
The core-crust boundary is determined by identifying the highest baryon density at which the uniform ground state becomes unstable against small amplitude density fluctuations. The stability analysis of the uniform ground state is based on a relativistic random-phase approximation (RPA) that is described in detail in Refs. [48, 52] . As first proposed in Ref. [52] -and confirmed since using various equivalent approaches [21, [35] [36] [37] 58 ]-a strong correlations emerges between the core-crust transition density (ρ t ) and the neutron skin thickness of 208 Pb. The left-hand panel in Fig. 4 provides evidence for such a correlation. The figure displays the energy per nucleon as a function of baryon density for uniform, neutron-rich matter in chemical equilibrium. Results are displayed for the various members of the FSUGold family of mean-field interactions. The symbols in the figure are used to denote the transition point and are labeled according to the value of the neutron skin thickness in 208 Pb. The behavior displayed in Fig. 4(a) is simple to understand given the following facts: (a) all models predict identical properties for symmetric nuclear matter, (b) all models share the same value of the symmetry energy at ≈ 0.1 fm −3 , and (c) the softer the symmetry energy the smaller the neutron skin thickness in 208 Pb. Based on these fairly general assertions, one concludes that it is energetically expensive for the system to remain uniform if the equation of state is soft. Thus, models with thin neutron skins predict higher transition densities.
However, whereas a clear correlation emerges between the transition density and the neutron skin, no such correlations is observed in the case of the transition pressure. The right-hand panel in Fig. 4 displays the pressure of neutron-rich matter as a function of the baryon density. As expected, the larger the neutron skin thickness in pressure. That is, at a fixed given density, the pressure is larger for models that predict larger neutron skins. However, different models predict different transition densities and this mere fact destroys the correlation between the transition pressure and the neutron skin. For example, for the three stiffest models displayed in the figure, there is a direct correlation between the transition density and the transition pressure (P t ). In this region these three models exhibit relatively little scatter so that an increase in ρ t is accompanied by a corresponding increase in P t . However, as the models continue to soften, an inverse correlation develops: models with a soft symmetry energy have large transition densities but small transition pressures. As a result, no correlation between the transition pressure and the neutron skin thickness in 208 Pb develops. Note that this result is consistent with the very recent analysis presented in Ref. [58] .
We now proceed to examine the correlation between the neutron skin thickness of 208 Pb and various quantities defined at the transition region. Before doing so, however, we display in Fig. 5 the energy density and pressure at the core-crust boundary as a function of the transition density. As suggested earlier, whereas the energy density is strongly correlated to the density at the interface, the pressure is not. In Fig. 6 we plot the value of various 0.06 0.08 observables in the transition region as a function of the neutron skin thickness in 208 Pb. In addition to the transition density, energy density, and pressure, the proton fraction is also displayed. Excluding the softest model-which as we shall see below appears in conflict with an observational constraint-there is a clear (inverse) correlation between the transition density ρ t and R n -R p , as originally proposed in Ref. [52] . Not surprisingly [see Fig. 5(a) ] the transition energy density displays an inverse correlation that is just as strong. In contrast, there is no correlation between the transition pressure and R n -R p . Indeed, one can find models that have neutron skins that vary by more than 0.1 fm yet predict identical transition pressures. Finally, the proton fraction at the core-crust interface displays a tight inverse correlation. As mentioned earlier [see Fig 4(a) ] it is energetically expensive for models with a soft-symmetry energy to support a large neutron-proton asymmetry. Thus, the thinner the neutron skin of 208 Pb, the larger the proton fraction. Having explored the correlations (or lack-thereof) between the neutron skin thickness in 208 Pb and various properties of the EOS in the transition region, we now proceed to study the sensitivity of several crustal properties to R n -R p . In particular, predictions for the crustal mass, thickness, and moment of inertia for a 1.337 M neutron star (such as J0737-3039 A) are displayed in Fig. 7 . Note that approximate analytic expressions for the crustal moment of inertia (I cr ) and mass (M cr ) have been derived in the appendix and have been collected in Eqs. (14) and (15) . Both of these expressions indicate a high sensitivity to the transition pressure P t . Indeed, the imprint of the transition pressure is clearly evident in all crustal observables. For example, given that for models with a soft symmetry energy the transition pressure increases with R n -R p , an initial (i.e., for small neutron skins) direct correlation develops between R n -R p and all crustal properties. Eventually, however, the transition pressure reaches a maximum and then an inverse correlation ensues. Hence, we conclude that a measurement of the neutron skin thickness in 208 Pb will place no significant constraint on the crustal mass, thickness, or moment of inertia. Note that the crustal thickness R cr also follows such a trend due to its dependence on the crustal mass; if a small crustal mass remains, then the crustal thickness will be small.
As mentioned in the Introduction, the study of pulsar glitches in the Vela pulsar suggests that at least 1.4% of the total moment of inertia must reside in the solid crust [22, 23] . The results displayed in Fig. 8 show how such a constrain may be used to rule out certain equations of state. The figure shows predictions for the fractional moment of inertia (I cr ) of the binary pulsar J0737-3039 as a function of the neutron skin thickness in 208 Pb. We observe that the softest member of the FSUGold family predicts a fractional moment of inertia of only 0.35%-significantly lower than the 1.4% bound. This suggests that models with such a soft symmetry energy may be in conflict with observation. Ultimately, such a low value for I cr can be traced back to the very small transition pressure predicted by the model. We close this section by mentioning that many of the results presented and discussed in graphical form have been collected in Tables IV and V .
IV. CONCLUSIONS
In the present contribution we have studied the sensitivity of the stellar moment of inertia to the underlying equation of state. In the slow-rotation approximation employed here, the stellar moment of inertia is only sensitive to the equation of state. Several equations of state were generated using relativistic mean-field models that have been accurately calibrated to the bulk properties of infinite nuclear matter and finite nuclei. As nuclear observables probe the EOS around nuclear matter saturation density, two aspects of the EOS remain poorly constrained even after the calibration procedure: (a) the density dependence of the symmetry energy and (b) the high-density component of the EOS. The relativistic mean-field models employed here include two empirical parameters-Λ v and ζ-that provide an efficient and economical way to modify the EOS. Whereas the former controls the density dependence of the symmetry energy, the latter controls the high density component of the EOS. As such, Λ v can be used to tune the pressure of pure neutron matter at saturation density, thereby controlling the neutron radius of objects as diverse as finite nuclei and neutron stars. In contrast ζ-by modifying the high-density component of the EOS-strongly affects the maximum stellar mass that can be supported against gravitational collapse. By tuning these two parameters, one can generate limiting stellar masses that differ by more than one solar mass and radii (for a fixed stellar mass) that may differ by more than 2 km. Note that one can generate these wide range of values without compromising the success of the models in reproducing a host of well determined nuclear observables. With several equations of state in hand, we proceeded to compute the moment of inertia of the recently discovered binary pulsar PSR J0737-3039 (with individual masses of M A = 1.337 M and M B = 1.250 M ). It has been suggested-due to the high sensitivity of the binary to general relativistic effects-that the moment of inertia of the fastest spinning pulsar in the binary (PSR J0737-3039A) may be measured with a 10% accuracy. Our results indicate that knowledge of the pulsar moment of inertia (even with a 10% accuracy) could help discriminate among various equations of state. We note, however, that whereas our results suggests that a measurement of the moment of inertia could discriminate between equations of state that are either stiff or soft at high density, the sensitivity to the density dependence of the symmetry energy appears to be weak-especially for models with a soft symmetry energy. Although we find the total moment of inertia interesting, the main focus of this contribution was its crustal component I cr . Several reasons prompted this choice. First, an analysis of pulsar glitches in the Vela pulsar suggests that at least 1.4% of the total moment of inertia must reside in the solid crust. This places significant constrains on the EOS. Second, the crust is thin and the density within it is low, so simple-yet fairly accurateanalytic expressions for I cr exist. These indicate that the crustal moment of inertia depends sensitively on a fundamental observable: the transition pressure at the core-crust interface (P t ). Third, given the strong correlation between the core-crust transition density and the neutron skin thickness of 208 Pb, one expects a similar correlation to emerge in the case of P t and I cr . Finally, given that at the time of this writing the Parity Radius Experiment (PREx) was actively collecting data, the prospects of constraining crustal properties with laboratory data appears imminent.
However, we found no correlation between the transition pressure P t and the neutron skin thickness in 208 Pb. Whereas a robust correlation exists between R n -R p and various bulk properties of the EOS at the transition region-such as the baryon density, energy density, and proton fraction-no such correlation develops in the case of the transition pressure. And because of its sensitivity to the transition pressure, we conclude that the crustal moment of inertia will not be significantly constrained by a measurement of the neutron skin thickness in 208 Pb. This represents the main conclusion of our work. We found the explanation for this behavior subtle and rooted on the observed correlation between the transition density ρ t and R n -R p . As expected, the larger the value of R n -R p the stiffer the symmetry energy. That is, given a fixed value of the baryon density the resulting pressure increases with R n -R p . However, the transition pressure is obtained by evaluating the EOS-not at a fixed value of the density, but rather-at the transition density, which is inversely correlated to R n -R p . It is precisely the fact that ρ t changes with R n -R p that destroys any correlation between P t and R n -R p [see Fig. 4(b) ]. Although at odds with some studies that support the existence of such a correlation [35] [36] [37] [38] , our result appears consistent with a very recent analysis by Ducoin, Margueron, and Providencia [58] . If not for the (important) general-relativistic correction (1 − R s /r) −1 , this expression would be identical to the equation of hydrostatic equilibrium in the purely Newtonian limit. Finally, the effective frequencyω is approximated by its value at r = R. That is,
where we have made use of Eqs. (9b) and (10). Using the above simplified expressions valid in the stellar crust, one obtains the following approximation for the crustal moment of inertia [22, 23, 34] : To perform the above integral we need an equation of state to compute the pressure profile P = P (r) in the crust. As suggested in Refs. [22, 34] , a polytropic equation of state of index γ = 4/3 will be adopted for the crust. That is,
where K is a constant. Using such a simple-yet fairly accurate-EOS enables one to solve the TOV equation exactly. To do so, we first introduce the following scaling variables:
x ≡ r/R s ; p ≡ P/P t ; ≡ E/E t , (A.7)
where P t ≡ P (R t ) and E t ≡ E(R t ) are the pressure and energy density at the crust-core interface, with R t the transition (or core) radius. In terms of these scaling variables, the TOV-equation in the crust [Eq. (A.
3)] takes the following simple form: 8) where the small parameter ξ ≡ 2P t /E t (of the order of a few percent) has been introduced. The above equation can now be integrated subject to the boundary condition x = x t = R t /R s at p = 1. We obtain where α = (γ − 1)/γ = 1/4 and the second line provides an approximation that is correct to first order in ξ. Although the integral appearing in Eq. (A.5) can now be performed using standard numerical techniques, we prefer to provide an analytic expression for it by expanding the integrand in powers of the small parameter ξ. And although the results presented here are correct only to first-order in ξ, analytic expressions can be developed to arbitrary order. We obtain for an arbitrary power n 1 0 x n (p)dp = x Substituting the above expression into Eq. (A.5) we obtain the following analytic expression for the crustal moment of inertia to first order in P t /E t :
I cr ≈ 16π 3 Taking steps closely analogous to the ones followed for the crustal moment of inertia, the fraction of the stellar mass contained in the solid crust may be written as
2 E(r)dr ≈ 8πR The integral can now be easily performed with the aid of Eq. (A.11). We obtain M cr ≈ 8πR 
